It is commonly believed that the exceptional sensitivity of mammalian hearing depends on outer hair cells which generate forces for amplifying sound-induced basilar membrane vibrations, yet how cellular forces amplify vibrations is poorly understood. In this study, by measuring subnanometer vibrations directly from the reticular lamina at the apical ends of outer hair cells and from the basilar membrane using a custom-built heterodyne low-coherence interferometer, we demonstrate in living mouse cochleae that the soundinduced reticular lamina vibration is substantially larger than the basilar membrane vibration not only at the best frequency but surprisingly also at low frequencies. The phase relation of reticular lamina to basilar membrane vibration changes with frequency by up to 180 degrees from ∼135 degrees at low frequencies to ∼-45 degrees at the best frequency. The magnitude and phase differences between reticular lamina and basilar membrane vibrations are absent in postmortem cochleae. These results indicate that outer hair cells do not amplify the basilar membrane vibration directly through a local feedback as commonly expected; instead, they actively vibrate the reticular lamina over a broad frequency range. The outer hair cell-driven reticular lamina vibration collaboratively interacts with the basilar membrane traveling wave primarily through the cochlear fluid, which boosts peak responses at the best-frequency location and consequently enhances hearing sensitivity and frequency selectivity.
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cochlea | outer hair cells | hearing | cochlear amplifier | interferometry A s the auditory sensory organ, the mammalian cochlea is able to detect soft sounds at levels as low as ∼20 μPa, equivalent to eardrum vibrations of <1-pm displacement (1), which is >100-fold smaller than the diameter of a hydrogen atom. The cochlea's remarkable sensitivity is commonly attributed to a micromechanical feedback system, which amplifies soft sounds using forces generated by outer hair cells (2) (3) (4) (5) (6) (7) (8) (9) (10) . In addition to active bundle movements (2) , mammalian outer hair cells are capable of changing their lengths in response to electrical stimulation in vitro (11) (12) (13) (14) . This electromechanical force production is termed outer hair cell electromotility or somatic motility, which is produced by the membrane protein, prestin (15) . Transgenic mice without prestin or with altered prestin suffer from severe hearing loss (4, 16) . Targeted inactivation of prestin over well-defined cochlear segments dramatically reduces the traveling wave's peak response (17) . Recent micromechanical measurements in sensitive living mouse cochleae showed (18) that electrical stimulation of outer hair cells induces vigorous vibrations of the reticular lamina at the apical surfaces of the outer hair cells. Whereas this experiment demonstrates that outer hair cells are capable of generating substantial forces to vibrate cochlear microstructures in vivo, the lack of frequency selectivity of the electrically induced reticular lamina vibration, however, is inconsistent with the sharp tuning of the basilar membrane vibration. Because electrical stimulation is not a natural stimulus of the auditory system, we here investigate how acoustically induced reticular lamina vibrations interact with basilar membrane vibrations in sensitive living mouse cochleae, using a custom-built scanning heterodyne low-coherence interferometer ( Fig. 1 A and B and Materials and Methods). The results from this study do not demonstrate the commonly expected cochlear local feedback but instead indicate a global hydromechanical mechanism for outer hair cells to enhance hearing sensitivity.
Results

Vibrations of the Reticular Lamina and Basilar Membrane in Sensitive
Cochleae. Vibrations of the reticular lamina and basilar membrane measured from a sensitive cochlea are presented in Fig. 1 C-J. Below 50 dB sound pressure level (SPL) (0 dB SPL = 20 μPa), the basilar membrane vibration increased with frequency and reached the maximum at ∼48 kHz (best frequency) and then decreased, forming a sharp peak (Fig. 1C) . The peak became broader and shifted toward low frequencies as the sound level increased. The ratios of the basilar membrane displacement to the malleus displacement at low sound levels confirm the best frequency of ∼48 kHz (Fig. 1E) . The peak ratio decreased from >100 to ∼3 as the sound level increased from 20 to 80 dB SPL, indicating ∼30-dB nonlinear compression. The overlapping curves at frequencies below 35 kHz (Fig. 1E) indicate the linear growth at low frequencies. The basilar membrane vibration phase (referred to as the malleus phase) decreased with frequency (Fig. 1G) . Data in Fig. 1 C and E demonstrate the high sensitivity, sharp tuning, and nonlinearity of basilar membrane responses to ultrasonic sounds in the living mouse cochlea, which are similar to previous measurements in squirrel monkeys (19) , gerbils (20) (21) (22) (23) , chinchillas (17, 24, 25) , guinea pigs (26) (27) (28) , and mice (7, 29, 30) .
By contrast, the displacement of the reticular lamina vibration (Fig. 1D ) was substantially larger than that of the basilar membrane vibration. At 20 dB SPL, reticular lamina vibrations were the greatest approximately at the same frequency as the best frequency of the basilar membrane (∼48 kHz). Notably, the peak
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Ratios of the reticular lamina to basilar membrane displacement greater than one (Fig. 1I ) confirm that the reticular lamina vibrated more than the basilar membrane at all frequencies and sound levels. Near 48 kHz, 30-dB SPL tone-induced reticular lamina vibration was approximately sevenfold greater than that of the basilar membrane. This difference decreased with sound level and approached one at 80 dB SPL. At a given sound level, the magnitude ratio decreased with frequency up to ∼48 kHz. The magnitude ratio curves also shifted toward low frequencies with the sound level increase. Surprisingly, the largest-magnitude ratios occurred at frequencies far below the best frequency and at high sound levels, which likely resulted from the saturation near the best frequency. The phase difference of >90 degrees in Fig. 1J indicates that the reticular lamina and basilar membrane vibrated approximately in opposite directions at frequencies below 15 kHz. The lack of substantial phase difference near 48 kHz, however, demonstrates that the reticular lamina and the basilar membrane moved in the same direction at the best frequency.
Vibrations of the Reticular Lamina and Basilar Membrane in Insensitive
Cochleae. Under postmortem conditions, the basilar membrane and reticular lamina vibrations (blue lines in Fig. 2 A and B) showed decreased magnitude near the best frequency, peak shift toward low frequencies, and linear growth with the sound level. In contrast with the lack of substantial postmortem change in basilar membrane vibration at frequencies below 30 kHz in Fig. 2A , the reticular lamina displacements decreased by ∼10-fold (or 20 dB) over the same frequency range (Fig. 2B) . These postmortem magnitude changes were confirmed by the displacement ratios of the basilar membrane and reticular lamina to the malleus in Fig. 2 C and D. In contrast to the basilar membrane phase responses (Fig. 2E) , the reticular lamina vibration showed a substantial postmortem phase decrease at low frequencies (Fig. 2F) .
Compared with sensitive responses, the ratio of the reticular lamina to basilar membrane displacement decreased dramatically and approached one (blue lines in Fig. 2G ) in the postmortem cochlea, and the phase difference approached zero (blue lines in Fig. 2H ). Thus, under postmortem conditions, the reticular lamina and basilar membrane vibrated synchronously in the same direction and with similar magnitudes at all observed frequencies and sound levels.
The Relationship Between the Reticular Lamina and Basilar Membrane
Vibrations. Average displacements at the best frequency as a function of the sound level from eight cochleae (Fig. 3A) showed that reticular lamina displacements were significantly greater than those of the basilar membrane at 20, 30, 40, and 50 dB SPL (t > 1.89, P < 0.05, n = 8). The displacement difference decreased with the sound level and became insignificant at 60, 70, and 80 dB SPL (t < 0.73, P > 0.35, n = 8). The phase of the reticular lamina increased slightly with the sound level up to 70 dB SPL (Fig. 3B) . In postmortem cochleae, the reticular lamina and basilar membrane vibrations increased proportionally with the sound level (Fig. 3C) , whereas the corresponding phase changed insignificantly (Fig. 3D) .
The average displacement ratio of the reticular lamina to the basilar membrane and the corresponding phase difference from five sensitive and six insensitive cochleae are presented as a function of frequency in Fig. 3 E-H . Because the basilar membrane vibrations at low frequencies can be recorded only at relatively high sound levels due to sharp tuning in sensitive cochleae, the data in Fig. 3 E-H were collected at 80 dB SPL. Fig. 3 E and F shows that reticular lamina vibration at ∼10 kHz was >fivefold larger than the basilar membrane vibration, with a phase lead of >90 degrees in sensitive cochleae. Near the best frequency, reticular lamina and basilar membrane vibrations had a similar magnitude and phase. The magnitude and phase differences were absent in postmortem cochleae (Fig. 3 G and H) .
Discussion
In this study, the reticular lamina and basilar membrane vibrations were measured at a longitudinal location ∼0.85 mm from the cochlear base (red arrows in Fig. 4 A and B) as a function of frequency. Because the peak location of the cochlear partition vibration is determined by frequency (31), the change in stimulus frequency from low to high caused the peak of the traveling wave to move from apex to base. Whereas the vibration at ∼48 kHz was measured at the response peak location (Fig. 4A) , the vibration at a lower frequency was measured at the basal part of the traveling wave because the response peak moved toward an apical location (Fig. 4B) . Therefore, the frequency responses measured in this study can reflect the relationship between the reticular lamina and basilar membrane vibrations at different parts of traveling waves.
The longitudinal patterns of the reticular lamina and basilar membrane vibrations at ∼48 kHz were obtained from measured frequency responses (Fig. 1 C, D, G , and H) (Materials and Methods) and are presented by blue and red lines in Fig. 4 C-F . Whereas 40-dB SPL responses occurred within a ∼200-μm region (Fig. 4 C and D) , a 70-dB SPL tone-induced vibration extended over the entire region from the response peak to the base (Fig. 4 E and F) . The reticular lamina vibration was substantially larger than the basilar membrane vibration not only at the peak (Fig. 4C ) but also at the basal part of the traveling wave (Fig. 4E) . Phase difference between the reticular lamina and basilar membrane vibrations was >120 degrees at the base (Fig. 4F ) but insignificant at the response peak (Fig. 4 D and F) .
Because outer hair cells sit on the basilar membrane via Deiters' cells, they can move passively, following the basilar membrane traveling wave. Outer hair cells can also change their length (11) in response to the membrane potential change caused by sound stimulation (32) . Because the reticular lamina vibration is a vector sum of the basilar membrane vibration and the outer hair celldriven movement, the active component of the reticular lamina vibration was obtained by vector subtraction of the basilar membrane vibration from the measured reticular lamina vibration and is shown by green lines in Fig. 4 C-F. The overlapping blue and green lines in Fig. 4 C and D indicate that reticular lamina vibration was dominated by the outer hair cell-driven component at 40 dB SPL. In Fig. 4E , the green line diverges from the blue line and almost overlaps the red line near the best frequency, reflecting saturation of the outer hair celldriven component at high sound levels near the response peak. These data indicate that acoustically induced reticular lamina vibration is dominated by outer hair cell-driven vibration over the entire traveling wave region. This is confirmed by postmortem changes, which show no substantial difference between the reticular lamina and basilar membrane vibrations (blue lines in Figs. 2 G and H and 3 G and H) . The data also show that neither destructive interference between the basilar membrane and reticular lamina vibrations at the base nor constructive interference near the peak is significant (indicated by the negligible gap between blue and green lines in Fig. 4 C-F) due to the large-magnitude difference between the reticular lamina and basilar membrane vibrations.
Because force production of outer hair cells depends on metabolic energy in vivo and the generated forces act equally on both ends of the cells but in opposite directions, it is expected that the outer hair cell-driven reticular lamina and basilar membrane vibrations are physiologically vulnerable and in opposite directions (13, 33, 34) . The lack of postmortem changes in the basilar membrane vibration at low frequencies ( Fig. 2 A and C) and approximately in-phase vibrations of the reticular lamina and basilar membrane near the best frequency (Figs. 1J and 3F) indicate that, under physiological conditions, locally generated outer hair cell forces do not drive the basilar membrane effectively, likely because outer hair cell-generated forces could not be coupled back to the basilar membrane (35) .
When sound causes the stapes to move out toward the middle ear, displacing fluid out of the scala vestibuli, the basilar membrane at the cochlear base reacts by moving up (Fig. 4H) . This upward movement of the basilar membrane depolarizes outer hair cells by deflecting hair bundles toward the excitatory direction (35) . Due to (Fig. 4H) . Unexpectedly, the present results indicate a 10-fold greater displacement of the reticular lamina than the basilar membrane. Furthermore, the observed phase difference of up to 135 degrees between the two vibrations (Fig. 4F) indicates that they move in approximately opposite directions at the base. The fluid displaced by this opposing reticular lamina motion may have a significant influence on the developing traveling wave. Indeed, electrically evoked reticular lamina vibration has already been shown to initiate a conventional traveling wave (18) .
The unexpectedly large opposing motion of the reticular lamina must also result in substantial fluid displacements inside the organ of Corti. When the reticular lamina moves toward the basilar membrane (Fig. 4H) at a basal location, the reticular lamina at a more apical location ∼0.5 wavelength (or 180 degrees) from the basal location moves away from the basilar membrane at the same time. Active differential movements of the reticular lamina could therefore result in longitudinal fluid movements. As the traveling waves propagate forward, these longitudinal fluid movements help transfer energy toward best-frequency locations (6, 36) (Fig. 4G) , boosting the peak response.
Our interpretation of the present results is also consistent with the following previous studies. Out-of-phase vibrations of the reticular lamina and basilar membrane at low frequencies (Figs. 1J and 3F) are compatible with electrically evoked opposite movements at both ends of outer hair cells (11, 12) and at the reticular lamina (or tectorial membrane) and the basilar membrane in excised cochleae (13, 33, 34) . The acoustically induced in-phase vibrations near the best frequency are similar to electrically evoked reticular lamina and basilar membrane vibrations (18) and lowfrequency tone-induced vibrations of Hensen's cells and basilar membrane (37) . The proposed outer hair cell-driven fluid movement inside the organ of Corti is in agreement with the electrically induced fluid movement inside the tunnel of Corti in vitro (38) . Because the outer hair cell-generated pressure inside the organ of Corti acts in all directions, the proposed mechanism can interpret complex vibrations of the organ of Corti (18, 27, 29, 30) . Phase inconsistency between our results and others' likely resulted from differences in phase detection techniques, animal species, and measurement locations. Whereas the proposed cochlear micromechanical mechanism is well supported by experimental data, it does not exclude other mechanisms (33, (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) .
In summary, heterodyne low-coherence interferometry in living mouse cochleae demonstrates that the sound-induced reticular lamina vibration is substantially larger than basilar membrane vibration and is physiologically vulnerable not only at the best frequency but also at low frequencies and that the reticular lamina and basilar membrane vibrate approximately in the same direction near the best frequency. These results indicate that, contrary to expectations, outer hair cells do not amplify the basilar membrane vibration directly by local feedback. Rather, they actively vibrate the reticular lamina over a broad frequency range. The interaction of the outer hair cell-driven reticular lamina vibration with the basilar membrane traveling wave through the cochlear fluid results in maximum responses at the best-frequency location, which consequently enhances hearing sensitivity and frequency selectivity.
Materials and Methods
Eighteen male and female CBA/CaJ mice at 3-5 wk of age were used in this study. The animal use protocol was approved by the Oregon Health & Science University Institutional Animal Care and Use Committee.
The Scanning Heterodyne Low-Coherence Interferometer. Based on a scanning laser interferometer (50, 51) , a scanning heterodyne low-coherence interferometer was built by replacing the light source and related optical and electronic components (18) . Taking advantage of the small coherence length, low-coherence interferometers can measure vibration with a high axial resolution (27, 29, 52) . Due to the use of the 40-MHz carrier frequency for heterodyne detection, the current low-coherence interferometer has unprecedented sensitivity, wide dynamic range, no 180-degree phase ambiguity, and high temporal resolution. Although the measurement noise floor is below 0.01 nm (black dotted line in Fig. 1C ) and heterodyne interferometry does not require a stable optical path length, occasional animal movement disturbed low-level measurements. Thus, data points showing irregular patterns, particularly with <10-dB signal-to-noise ratio, were not presented. The use of low-coherence light and an objective lens with relatively large numerical aperture (NA = 0.42) provides adequate spatial selectivity for measuring the reticular lamina and basilar membrane vibrations through the intact round window membrane in mice.
Measurement of the Reticular Lamina and Basilar Membrane Vibrations. Animal anesthesia and surgical procedures were the same as described previously (18) . Under direct visualization, low-coherence light from the interferometer was focused on the center of the outer hair cell region of the cochlear partition through the intact round window membrane (Fig. 1A) . The distance from the cochlear base to the measurement location was ∼0.85 mm. The transverse locations of the basilar membrane and reticular lamina were determined by measuring the backscattered light level and the vibration magnitude and phase as a function of the transverse location. When the object beam of the interferometer was focused on the basilar membrane, or reticular lamina, acoustical tones at different frequencies and levels were delivered to the ear canal. The tone frequency was changed from 0.75 to 67.5 kHz by <0.75 kHz per step.
Data Analysis and Statistical Methods. Igor Pro (Version 6.35A5, WaveMetrics) was used for processing and analyzing data. Frequency responses of the reticular lamina and basilar membrane were presented by plotting displacement and phase as a function of frequency. The transfer functions were estimated by the displacement ratio of the reticular lamina or basilar membrane to the malleus at different frequencies. The relationship between the reticular lamina and basilar membrane vibrations was presented by the ratio of the reticular lamina displacement to the basilar membrane displacement and the phase difference obtained by subtracting the basilar membrane phase from the reticular lamina phase. The longitudinal patterns of the reticular lamina and basilar membrane vibrations at the best frequency of the measured location were presented by plotting displacement and phase as a function of the longitudinal location. The longitudinal location was derived from the stimulus frequency according to the frequency-location function in mouse cochleae (31) [d = ð156.5 − 82.5 × logðf ÞÞ=100 × 5.41, where d is distance from the base in millimeters and f is frequency in kHz]. The grouped results were presented by mean and SE calculated across animals at given frequencies and stimulus levels. Displacement difference between the reticular lamina and basilar membrane vibration at the best frequency was determined using a two-tailed t test, and P value <0.05 was considered statistically significant.
